Abstract: 2 × 2 Mach-Zehnder thermo-optic switches on silicon are found to exhibit huge difference of extinction ratios between the bar and cross port, with the bar port lower by up to 20 dB. Device physics analysis shows that this can be explained by synchronous variation of the splitting ratios of the two directional couplers in a switch. Furthermore, for the two waveguides in each coupler, small differential variation of their dimensions can create much larger effects than substantial synchronous variation. This illustrates the complexity of fabrication variation in active silicon photonic devices, and an approach to unraveling the complexity through separating the device level and structure level.
Introduction
Silicon photonics witnessed rapid growth in recent years because of its potential for low-cost largescale photonic integration [1] . Optical switches, an important type of silicon photonic devices, also have received significant attention due to its applications in optical interconnections and communications [2] , [3] and in reconfigurable quantum photonic circuits [4] . Thermo-optic and electro-optic switches can benefit from the advantages of SOI platform including compactness and compatibility with the traditional CMOS technology, which is a foundation for large-scale integration [5] . Compared with electro-optic switches [6] , [7] , thermo-optic switches can achieve minimal loss while creating a large phase shift, made possible by the high thermo-optic coefficient (∼ 1.86 × 10 −4 K −1 ) of silicon. Mach-Zehnder interferometer (MZI) structures are widely used in 2 × 2 switches [8] - [14] because they exhibit wide spectral operation and better fabrication tolerance than ring resonators [15] . In order to achieve thermo-optic switches with better performance, many studies have been reported on the realization of compact [9] , [10] , broadband [11] , fast [12] , low power [13] and low crosstalk [14] devices. For a Mach-Zehnder thermo-optic switch, many of its performance parameters have reached an excellent level. Currently, one remaining issue of Mach-Zehnder thermo-optic switches is its modest extinction ratio (ER). Typically it is very difficult to achieve extinction ratios over 30 dB for all ports even for devices fabricated in good CMOS foundries. Correspondingly, the crosstalk suffers also. In this work, we report that the extinction ratios of bar and cross ports of a silicon Mach-Zehnder thermooptic switch can exhibit strong disparity. The disparity is not arbitrary; rather, the cross port have significantly better extinction ratio than the bar port, by a margin as large as 20 dB under reasonable fabrication conditions. For a 2 × 2 switch, when the input port is swapped, the worse ER stays with the bar port, although its physical port assignment is different. Device physics analysis reveals that diverse form of fabrication variation at the device level and at the structure level shall be considered to explain the phenomena.
Device Structure and Experiment
The switches in this work are fabricated on a thin silicon-on-insulator platform in which the thicknesses of top silicon layer and buried oxide (BOX) are 220 nm and 2 μm, respectively. As a 2 × 2 MZI-based thermo-optic switch, the structure is composed of two uniform 3dB directional couplers (DCs) and an MZI with an active arm. Fig. 1(a) and (b) show the top view of the device and the cross-section of the active arm. The optical microscope image is shown in Fig. 1(c) . The width and height of the core silicon waveguide are designed to be 500 nm and 220 nm, respectively. The DCs with two identical waveguides utilized for ∼1550 nm operation wavelength is 45 μm in length and the gap is 0.3 μm. A metal heater (made of TiN) whose width and length are 4 μm and 100 μm is formed in one arm of the MZI, separated by 2 μm thickness oxide above the waveguide. Aluminum is deposited as the electrodes. The structure is fabricated in a CMOS foundry.
In the experiment, light from a tunable laser is coupled into the TE mode of an input waveguide, and electric signal is applied to the electrode to generate heat and switch the signal path. We find that at designed operating wavelengths, there are huge differences between extinction ratios of two outputs, as shown in Fig. 2 . In this work, E R bar and E R cr oss refer to extinction ratio of the bar and cross port. Referring to Fig. 1(a) , when the optical signal is launched from Input 1, Output 1 and Output 2 will be the bar and cross ports, respectively. Conversely, when light is launched from Input 2, the bar and cross ports will be Output 2 and Output 1. Fig. 2 indicates that no matter light comes in from Input 1 or Input 2, always the bar port has the low extinction ratio. This happens at all wavelengths (two typical wavelengths, 1550 nm and 1580 nm, are shown). Very likely, this is not a whimsical fluctuation of device performance, but there could be some mechanism behind it. It should be noted that a low extinction ratio means a large amount of residual light in a port that is supposed to have no signal. When another signal is simultaneously switched to this port, crosstalk between the two paths results. Therefore, a poor ER also leads to poor crosstalk (for the bar state in this case), vice versa.
Analysis
To investigate the mechanism behind the huge disparity of E R bar and E R cr oss , we employ the theory of Mach-Zehnder switches. The transmission of two ports can be expressed as a function of the splitting ratios of DCs and the phase shift
where T bar and T cr oss are normalized transmission of bar and cross ports, r 1 and r 2 represent power splitting ratios of the bar ports of the first and second DCs in our design, and the cross port splitting ratios are given by t i = 1 − r i (i = 1, 2), φ is the phase difference between two arms of the MZI. The splitting ratio of bar port of a directional coupler r i can be expressed as
where κ i and L i are coupling coefficient and length of the directional coupler, and (i = 1, 2). Theoretical results of the extinction ratios are shown in Fig. 3 . Ideally, the maximum value of extinction ratio could tend to infinity although only the portion up to 60 dB is shown in Fig. 3 . As we can see, the variations of r 1 and r 2 can strongly affect extinction ratios of two outputs. During the fabrication process, fabrication variation may cause the dimensions of the two DCs to differ from that of our designed 3dB DC. Because the distance between two DCs in a switch is short, the fabrication-induced variation tends to modify them in the same fashion. In this situation, we can assume that r 1 and r 2 would vary almost synchronously, r 1 = r 2 . Interestingly, Fig. 3 clearly indicates that the cross port always has a high extinction ratio along the line r 1 = r 2 , whereas the extinction ratio of the bar port can vary widely along this line depending on the specific r i values. This can be understood from Eq. (1) as follows. If r 1 = r 2 , so t 1 = t 2 , we shall have
Clearly, if r 1 and r 2 vary synchronously, T cr oss can always achieve a vanishing minimum value when the phase difference φ = π. On the other hand, T bar does not enjoy such a benefit from synchronous variation of r 1 and r 2 . This theoretical result supports our experimental findings in Fig. 2 , where the cross port extinction ratio is always significantly higher than the bar port, regardless of the input port used. Further observation of Fig. 2 indicates that the E R bar improves at the longer wavelength 1580 nm. From Eq. (2), we know that the power splitting ratio depends on the coupling constant κ. In a directional coupler, κ is related to wavelength, waveguide dimension (including width and height of waveguide) and gap between waveguide cores. In our experiment, waveguide dimensions and gap are fixed. However, the coupling constant κ can vary with the wavelength. If the above theory is valid, it is possible that the splitting ratio can approach the designed value of 0.5 at a certain wavelength λ o such that the extinction ratio is optimized. Note that when the wavelength increases, fields of guided modes will extend more into the cladding. As a result, coupling coefficient increases and bar port splitting ratio decreases [16] . Conversely, the splitting ratio will increase.
As Fig. 2 suggests the extinction ratio of the bar port tends to improve at longer wavelengths, we focused on longer wavelengths. We plot the statistical results of the experimentally measured extinction ratios of a number of switches fabricated in the same batch in Fig. 4 . The extinction ratios have been measured for all four paths of each switch at various wavelengths. From this figure, we can see how the extinction ratio changes with wavelength. Due to the wavelength limitation of our laser, the extinction ratio at wavelengths beyond 1630 nm is not accessible. As we can see, no matter optical signal is launched from Input 1 or Input 2, E R cr oss always maintains a high value, whereas E R bar largely increases with wavelength.
As an example of a device that exhibits high extinction ratios for both the bar and cross ports, the normalized output transmission of a switch at 1628 nm are illustrated in Fig. 5 . The resistance of the heater is 350 . The switching power is 33.7 mW and the phase tuning efficiency is about 0.09 rad/mW.
Our measured λ o = 1628 nm is much larger than designed working wavelength 1550 nm. The above analysis shows that it may be explained by the variation of splitting ratios of the DCs. The next question would be how large the structure variation within in a DC (e.g., the waveguide widths and heights) can lead to such a large wavelength shift. In Fig. 1(a) , we define the upper waveguide, that is the waveguide connected with Input 1, as WG1 and the other one as WG2 and the corresponding width and height as w 1 , h 1 , w 2 , h 2 . During fabrication, w 1 and w 2 , h 1 and h 2 may fluctuate around the designed values, but the deviations shall generally be small. Note that in fabrication process used in this work, the chip area where silicon waveguides are absent is not padded to achieve a well-controlled etching-area ratio. This tends to increase fabrication variation.
Here we discuss a number of scenarios of the waveguide dimension variation that may happen in the fabrication process. First, the two waveguides maintain the same width and same height, but the actual values of the width and height differ from the designed values (i.e., w 1 = w 2 = 500 nm, h 1 = h 2 = 220 nm). In this scenario, if the width or height of waveguide is larger than design, the mode field is more confined within the waveguide core, thus coupling coefficient at 1550 nm decreases and the ER-optimal wavelength (or 3 dB splitting wavelength, denoted as λ o ) will shift to the long wave side. However, with large increase of waveguide width, the inter-waveguide gap in the DC decreases, hence the coupling coefficient increases. Therefore, simultaneous increase of h 1 and h 2 always leads to the increase of λ o , whereas simultaneous increase of w 1 and w 2 leads to two opposite effects. As such, compared with the width variation, height variation has a greater impact on λ o . For simplicity, we denote λ o as the difference between the actual and designed values of λ o . Note that the wavelength-dependent splitting ratio of a DC with arbitrary w i and h i can generally be calculated in theory [17] , then the λ o can be obtained. Fig. 6(a) shows the calculation results of λ o variation in this scenario. Note that SOI wafers usually have a thickness variation up to 20 nm. When w 1 = w 2 = 510 nm and h 1 = h 2 = 240 nm, λ o can reaches 31 nm and this value is yet much smaller than the experimental value 78 nm (1550 → 1628 nm). Therefore, it is unlikely synchronous increase of waveguide width and height can lead to such a large wavelength shift. Second, the widths of the two waveguides are different whereas the height of the two waveguides are identical (i.e., w 1 = w 2 and h 1 = h 2 = 220 nm). We define w = w 2 − w 1 as the width difference of two waveguides. Fig. 6(b) shows the relation between w and λ o . In this figure, to obtain a λ o of 78 nm, the corresponding w shall be over 7 nm. Under typical fabrication conditions, there is little possibility of such a large width difference between two adjacent waveguides [18] . Third, the widths and heights of the tqwo waveguides are all different (i.e., w 1 = w 2 and h 1 = h 2 ). We define h = h 2 − h 1 as the differential height variation of two waveguides, similarly w = w 2 − w 1 . The variations of λ o with h when w is 0, 2 and 3 nm (here we set w 1 as a constant 500 nm and h 1 as 220 nm) are shown in Fig. 6(c) . We can see from this figure, when w 1 = 500 nm, h 1 = 220 nm, w 2 = 503 nm and h 2 = 222 nm, λ o is 1620 nm and this is close to the measured 1628 nm. Note that under differential variation of w i and h i , the difference of the propagation constants ( β) of two waveguides in a DC also affects the coupling ratio r and therefore affects λ o [19] . Mathematically, the splitting ratio shall have the form
where γ = ( β/2) 2 + κ 12 κ 21 , and κ ij quantifies the coupling constants from WGi to WGj (i , j = 1, 2).
Such effects have been included in the above calculations. Of course, there could be diverse combinations of synchronous and differential variations (e.g., both h 1 and h 2 deviate from 220 nm, by different amounts) that add up to such a large wavelength shift. Note that a small amount of differential variation w and h (2 ∼ 3 nm) can result in more λ o than 10 ∼ 20 nm synchronous change of h 1 = h 2 or w 1 = w 2 . The above analysis can explain the huge difference (sometimes > 20 dB) of extinction ratios between the cross and bar ports. And this difference occurs no matter inputting from port 1 or port 2. There remains a relatively small extinction ratio difference (< 5 dB in most cases) between the extinction ratios of the two bar paths 1 → 1 and 2 → 2. This is likely due to some path difference between these two paths. In our design, light in the bar path 1 → 1 travels over a longer distance than the bar path 2 → 2, with slight difference in path geometry as well. Also, small difference between the power splitting ratios of the two DCs may also play a role. All these contribute to the difference of extinction ratios of the two paths. Ideally, if no bias is applied on the electrode, φ = 0, the transmission of the cross port should reach maximum according to Eq. (1). However, Fig. 5 shows that this is not the case, which indicates a phase asymmetry between two arms of the MZI due to fabrication variation. Such a phase asymmetry can be readily compensated by adjusting the cross/bar state biasing voltages. It should be noted that small fabrication variation of 2 ∼ 3 nm in dimension generally has much less influence if a switch is fabricated in low-index contrast materials (e.g., SiO 2 ), where the waveguide core dimensions are one order of magnitude larger. One can readily show that the unbalanced loss of two arms of the MZI cannot result E R cr oss >> E R bar .
In the above, we actually have considered fabrication variation at two levels. At the device (switch) level, there are two DCs; the synchronous variation of splitting ratios r i of the two DCs is sufficient to explain E R cr oss >> E R bar . At the structure (DC) level, each DC contains two waveguides, differential variations of w i and h i , despite their much smaller magnitude, are needed to explain the variation of r i . Besides, slight differential variation of splitting ratios r i of the two DCs may also occur and this is why the maximum ER is only 35 dB instead of 60 dB or a larger value (as shown in Fig. 3 , if r 1 = r 2 , the ER of cross port will be reduced to a lower value). Generally, active devices have more complex fabrication variation than passive ones [20] - [25] , classification into the device level and structure level can help to unravel the complexity.
It should be noted that 2 ∼ 3 nm width difference obtained in the above analysis is comparable to the random width variation due to sidewall roughness [18] . The height is also subject to similar levels of random variation due to the production processes of the original SOI wafer [26] . Therefore, it is difficult to accurately measure such small difference of w , h directly by microscopic images. In principle, a large number of high-resolution (≤1nm) scanning electron microscope (SEM) images can be taken at various cross-sections of the waveguides to sufficiently average out the random roughness and height undulation. In practice, the cost of focused ion beam (FIB) based sectioning and high-resolution SEM is prohibitive due to the multitude of sections needed, particulary when the signal (expected w , h from above analysis) to noise (random roughness etc.) ratio is very close 1. However, we have checked by FIB/SEM on a few cross-sections that all width and height differences between the waveguides are less than 5 nm at each section, which is consistent with w , h given in the above analysis and the level of random width/height undulation. The conditions of the waveguides that show the behaviors of Fig. 4 are also found by simulation. Assuming that the two DCs are the same, using the waveguides dimensions w 1 = 500 nm, h 1 = 220 nm, w 2 = 503 nm and h 2 = 222.3 nm, we find by simulation that ER of the bar state increases by 12.9 dB (19.8 → 32.7 dB) when wavelength changes from 1600 nm to 1625 nm. In this wavelength range, the experimental ER value of the bar state (for input 1) shown in Fig. 4 increases by 11.8 dB (18.5 → 30.3 dB). The experiment and simulation share a similar wavelength dependence. The experimental ER wavelength dependence for the bar state of input 2 also has a similar trend but with somewhat less slope − note that several factors may cause small ER difference between the two bar paths (1 → 1 and 2 → 2), see discussion above.
Also note that whereas other work may be interested in avoiding the wavelength dependence of a DC or switch (see for example Ref. [11] ), here the wavelength dependence is exploited to probe and analyze the factors for achieving high ERs under fabrication variation. It is worth mentioning that broadband operation does not ensure high extinction ratios, and the above analysis at the device level and the structure level has revealed diverse avenues of fabrication variation affecting the extinction ratios beyond prior study on broadband characteristics. Furthermore, many nontelecommunication applications including quantum photonics [4] and microwave photonics [27] may work with a single laser and allow the free choice of its working wavelength, hence not necessarily require broadband operation. But high ERs can be very important for most, if not all, of these nontelecommunication applications. In such scenarios, one may tune the wavelength to compensate for fabrication variation and achieve high ERs for all four paths as shown in Fig. 5. 
Conclusion
In conclusion, fabrication variation can cause the extinction ratio of the bar port to be lower than the cross port by as large as 20 dB in a 2 × 2 thermo-optic switch on the SOI platform under normal fabrication conditions. Device physics analysis shows that such a path-specific degradation of extinction ratios can be explained by synchronous variation of the splitting ratios of the two DCs. Through detailed analysis of a number of fabrication variation scenarios, we find that synchronous variation of waveguide widths in typical fabrication conditions is unlikely adequate to explain the ER disparity, differential variation shall be involved also. While the magnitudes of differential variation of waveguide dimensions tend to be smaller, their effect in ER disparity can be much more significant. Classification of fabrication variation into the device level and structure level helps to unravel the complexity of the problem. For applications where the operating wavelength can be adjusted, it is possible to achieve high extinction ratios >30 dB for all four paths.
